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Four-wave mixing (4WM) is a known source of intense non-classical twin beams. It can
be generated when an intense laser beam (the pump) and a weak laser beam (the seed)
overlap in a χ(3) medium (here cesium vapor), with frequencies close to resonance with
atomic transitions. The twin beams generated by 4WM have frequencies naturally close
to atomic transitions, and can be intense (gain  1) even in the CW pump regime,
which is not the case for PDC χ(2) phenomenon in non-linear crystals. So, 4WM is well
suited for atom-light interaction and atom-based quantum protocols. Here we present
the first realization of a source of 4-wave mixing exploiting D2 line of Cesium atoms.
Keywords: Twin beam; four wave mixing; atom based quantum protocols.
1. Introduction
In the last years four-wave mixing (4WM) has become attractive as a high gain
source of intense non classical twin beams in the CW pump regime. Twin beams
are generated by interaction in a χ(3) medium (here Cesium vapor), with frequencies
close to resonance with atomic transitions. So, 4WM is well suited for atom-light
interaction and atom-based quantum protocols. It has been studied experimentally
extensively in the literature, in particular with Rubidium (see Ref. [1] and refer-
ences therein), and very recently with the D1 line of Cesium atoms (see Ref. [2]),
thereby exhibiting intensity correlated beams with noise reduction below the stan-
dard quantum limit (SQL). Nevertheless, 4WM is considered difficult to achieve
with Cesium atoms because of the large hyperfine splitting of the ground state, in
particular with diode lasers due to high phase noise (see Ref. [2]). Based on the
results that we present here on the D2 line of Cesium atoms, we demonstrate that
these difficulties can be overcome and a twin beam source around that wavelength
(λ =852nm) can be generated. The application are in the field of quantum technolo-
gies, concerning non-classical correlations and photon number entanglement [3-26]
(for a recent review see Ref. [27]).
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2. Theory
Fig. 1. The double-Λ configuration for 4WM.
Here, the configuration is exploited when the frequencies of the pump and the
seed reach a double-Λ configuration with three atomic levels (see Fig. 1), so that
when two pump photons are absorbed, the seed (signal) is amplified and a conjugate
(idler) is generated. The three levels, in our case, are the ones associated with the
D2 line of Cesium: the hyperfine splitting δ of the ground state 6
2S1/2 are the
levels |1〉 and |2〉 and the excited state 62P3/2 will be our level |3〉. The effective
Hamiltonian describing the generation of the twin beams is similar to the case of
PDC and can be written as:
H = γ[a1a2 + a†1a†2] (1)
where ai is the annihilation operator of the optical mode i = 1, 2 of the twin beam,
while the pump is considered as a classical field and determines the strength of the
coupling ( γ ∝ √Ip, Ip being the pump intensity). In this paper we consider the
stimulated process in which one mode is seeded with a coherent state (a laser) and
the other one is in the vacuum state. In the spectral domain the 4WM process is
efficient when
ωconj = ωseed + 2δ (2)
with ωconj and ωseed the frequency of the conjugate beam and the seed beam
respectively. The mean number of photon detected from the two beams are 〈N1〉 =
ηλ(1+µ) for the conjugate beam, and 〈N2〉 = η[λ+µ(1+λ)] for the amplified seed
beam, where µ is the number of photons per mode of the seed, λ is the number
of photons per mode of the spontaneous emission and η is the detection efficiency
(assumed equal in both channels). The non-classical correlations of the fields are
witnessed by the fact that the variance on the difference of the two beams intensity
falls below the shot noise limit, i.e. V (N1−N2)/〈N1 +N2〉 = 1− η[1− 1/(2g− 1)],
for µ 1. Here g represents the gain of the process defined as g = N1/(ηµ) ' 1+λ.
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3. Experiment
Our setup consists of (see Fig. 2) a 1 cm long glass cell, containing 133Cs (Cesium)
vapor, maintained at about 110◦C inside an oven with open windows. Two iden-
tical CW semi-conductor diode lasers with 852 nm wavelength (EYB-DFB-0852)
are used for the pump and the seed. The frequency at which they emit is set pre-
cisely by adjusting their temperature and current with laser controllers (Thorlabs
ITC 4001 for the seed, and ILX Lightwave LDC-3724C for the pump). In order
Fig. 2. Setup for 4WM in the non-collinear case: The pump (red) and the seed (green) are
orthogonally polarized and overlap in a cell of Cesium vapor placed in an oven, thereby generating
a conjugate beam (blue), together with an amplification of the seed (green). The pump is removed
by its orthogonal polarization with the use of a PBS.
to obtain clean Gaussian beams for the seed and the pump, we couple each of
them into polarization-maintaining single-mode fibers (PMJ-3A, F3AF-850-5/125
by OZ Optics) While this cleaning of the spatial modes is not mandatory to ob-
serve the 4WM signature in the collinear case, it becomes quite important in the
non-collinear case to get a clear distinction between the spatial modes of the three
beams. Optical isolators (I-80-T4-M at 852 nm by Isowave) are used to avoid re-
flections backwards the diodes and minimizing unwonted interference effects and
instability of the lasers emission. It should be noted that the adjustment of the
settings of the optical isolators is particularly sensitive in order to get a good 4WM
signal.
A slightly incorrect setting in the optical isolator will result in an instable comb
in the frequency domain that is quite detrimental to a good 4WM process. A Glan-
Thompson Polarizer (with high Extinction Ratio of 100,000:1) is used at the exit
of the cell to discard the pump (vertically polarized) while letting the seed and
the conjugate (horizontally polarized) pass towards the detectors. In the collinear
configuration, the three co-propagating beams are focused on a photodiode, while
when operating in the non-collinear configuration, the three spatially distinct beams
are sent on a CCD camera (see Fig. 3).
The frequency of the seed is then modulated by an external sweep function
generator providing a triangular waveform (in current) around the D2 absorption
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Fig. 3. Experimental setup for the non-collinear case. The (fake) colors of the three beams are
meant only to distinguish them for clarity, but the three beams i.e the pump, the seed and the
conjugate—have all a precisely set wavelength close to 852 nm, separated in frequency by only
few GHz. The glass cell containing the cesium gas is not directly visible here, as it is placed inside
an oven. The pump and the seed overlap inside the cell of Cesium vapor. The part of the setup
devoted to clean the spatial modes of the diode laser (with single-mode fibers) is not shown here,
and neither is the laser amplifier for the pump. In the collinear case, the seed is aligned with the
pump at the output of the PBS, and the CCD camera is replaced by a photodiode upon which
the entire signal is focused.
line. The pump is detuned from either of the absorption lines (negative or positive
single-photon detuning ∆), which allows to see the 4WM signal as an intensity
peak (or in some cases dip) on the background of the absorption profile of the seed
whenever frequency of the seed is at the correct 2-photon detuning δ to be in a
double-Λ configuration (see Fig. 4).
4. Results
In the collinear case, the three beams (the seed, the pump and the conjugate)
are all propagating in the same direction, which maximizes the overlapping of the
pump and the seed inside the cell, thus making for the highest possible gain with
other parameters kept constant. This collinear configuration is well suited to start
observing the 4WM phenomena and optimize the other parameters (such as the
temperature of the cell, the frequency of the lasers, the precise overlapping of the
beams, the adjustment of the optical isolators, etc). One can then gradually increase
the angle of incidence in the cell between the pump and the laser towards a non-
collinear configuration. The pump was maintained at the highest achievable power
of 110 mW. By contrast, the seed was kept at low power (less than 100 µW). Indeed,
we observed the best gain with a power < 10 µW for the seed. The seed beam and
pump beam were focused on the cell, with a waist of 50 µm for the seed, and 200
µm for the pump.
For positive detuning on the |3〉 → |2〉 transition, the maximum gain g ≈ 3.1
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Fig. 4. The upper figure shows the highest measured gain in the collinear case, which includes
both the gain on the seed and on the conjugate (so that the gain on the seed can be estimated
to be g ≈ 5.6). The lower figure shows the corresponding energy levels for the seed, pump and
conjugate beams.
was obtained for a detuning of ∆ = +1.8 GHz (not shown here), at which the pump
is rather heavily scattered (or possibly subjected to Kerr induced self-focusing) and
too depolarized at the exit of the cell to be well removed. The 4WM signal was then
observed over a wide range of 1-photon detuning ∆ from the |3〉 → |2〉 transition
including negative detuning as well as detuning from the |3〉 → |1〉 transition (see
Fig. 5). For small detuning ∆, the pump is depolarized at the exit of the cell, in
particular for values close to the lowest energy transition |3〉 → |1〉. The highest gain
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g ≈ 5.6 was obtained for negative detuning on the |3〉 → |2〉 transition of ∆ = −2.4
GHz (see Fig. 4). With such a large detuning, the pump is less absorbed and
depolarized. The spatial and polarization modes of the pump are better preserved
and easier to discriminate from the seed and conjugate, both in the collinear and
non-collinear configuration.
Fig. 5. Frequency map of the 4WM process. This image was obtained by collecting sweep graphs
as in Fig. 4 for various single-photon detunings. Each horizontal line corresponds to a fixed fre-
quency of the pump, whereas the frequency of the seed is swept through the absorption lines from
62P3/2 to the hyperfine levels of 6
2S1/2. The measured intensity at the photodiode for each sweep
is then mapped to a color scale with arbitrary units (low intensity=dark; high intensity = bright).
An important effect that is quite noticeable on Fig. 5 is that the transitions to
hyperfine levels are shifted by the intense pump. We think that this the consequence
of light-shift effect (a.c. Stark shift). Consequently, the frequency difference between
the seed and the conjugate is not always exactly twice the 9.2 GHz of the hyperfine
splitting that one would expect in 4WM (we observed a variation of about 10%
in the frequency difference between the seed and the conjugate, depending on the
single-photon detuning).
As a further characterization of our source we studied the dependence on cell
temperature. The optical thickness increases with the temperature inside the cell,
and so does the gain of the 4WM (see Fig. 6). However, because the pump beam is
close in frequency to the transitions to the hyperfine levels, it is partially absorbed,
and therefore scattered and depolarized at the exit of the cell, possibly with a Kerr
induced self-focusing of the pump beam. Increasing the optical thickness increases
this effect (see Fig. 7), which is quite unwanted since we want to be able to distin-
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guish and discard the pump both by its spatial mode and by it polarization mode.
This effect can be seen in the frequency domain as a function of the single-photon
detuning: it results in the horizontal bright bars on Fig. 5 when the pump is close
to the atomic transitions, in particular the transition |3〉 → |1〉.
Fig. 6. Gain as a function of the temperature of the cell, for a single-photon detuning of ∆ = +1.8
GHz.
Fig. 7. Diameter of the pump beam 30 cm from the exit of the cell, as a function of the temper-
ature of the cell for a single-photon detuning of ∆ = +1.8 GHz.This effect is clearly unwanted as
it makes it difficult to separate the pump from the seed and the conjugate by their spatial modes.
The situation was much better for negative detuning |3〉 → |2〉, as the gain was
not only higher, but the pump was as less affected by this unwanted effect. Finally,
we studied the dependence on pump power. In the region under study, the gain
depends linearly on the pump power (see Fig. 8).
As a last step towards an exploitable source we considered the non-collinear
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Fig. 8. Measured gain as a function of the pump power.
case, where the seed is tilted with a small angle from the pump inside the cell,
which allows to spatially distinguish the three output beams (see Figs. 2 and 3).
With the relatively large (and negative) single-photon detuning used here ∆ = −2.4
GHz, the pump retained well its spatial coherence and polarization (see Figs 9 and
10). By contrast, with second highest gain measured, with positive single-photon
Fig. 9. Non-colienear 4WM with the pump allowed to partially pass through (for demonstration
purpose).
detuning ∆ = +1.8 GHz, the pump was much more scattered and depolarized at
the exit of the cell (not shown here).
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Fig. 10. Non-colinear 4WM with pump filtered by polarization.
5. Conclusions
We reported in details the realization of a first prototype of a twin beams source
based on the D2 line of Cesium atoms. Comprehensive study on the 4WM emission,
function of the pump detuning with respect to the line of cesium, has been done.
In particular, we achieved a gain g ≈ 5.6 in collinear configuration by detuning the
pump of ∆ = −2.4 GHz with respect to |3〉 → |2〉 transition (see Fig. 4 and 5).
A characterization of the gain of 4WM in function of the temperature of the cell
(in the range of 20◦ − 110◦ C), and the pump power (in the range 10-100 mW)
has been performed. The indication is that the gain of the source could be easily
improved by increasing the pump intensity.
Acknowledgments
We thank Michael Pooser for useful discussions and precious suggestions.
References
1. Q. Glorieux, et al., PhD Thesis, Quantum correlations by four-wave-mixing in atomic
vapor, arXiv:1101.5166.
2. M. Guo, H. Zhou, D. Wang, J. Gao, J. Zhang, and S. Zhu, et al., Phys. Rev. A 89,
033813 (2014).
3. G. Brida, L. Caspani, A. Gatti, M. Genovese, A. Meda, I. Ruo-Berchera, Phys. Rev.
Lett. 102, 213602 (2009).
4. I.P. Degiovanni, M. Bondani, E. Puddu, A. Andreoni, M.G.A. Paris, Phys. Rev. A
76,062309 (2009).
5. I.P. Degiovanni, M. Genovese, V. Schettini, M. Bondani, A. Andreoni, M.G.A. Paris,
Phys. Rev. A 79,063836 (2013).
6. E. Puddu, A. Andreoni, I.P. Degiovanni, M. Bondani, S. Castelletto, Opt. Lett. 32,
1132-1134 (2007).
October 13, 2018 2:41 WSPC/INSTRUCTION FILE FWM-IJQI
10 G. Adenier et al.
7. G. Brida, M. Genovese, I. Ruo Berchera, Nature Photonics 4, 227 (2010).
8. E. Lopaeva, I. Ruo Berchera, I.P. Degiovanni, S. Olivares, G. Brida, M. Genovese,
Phys. Rev. Lett. 110, 153603 (2013).
9. I. Ruo Berchera, I. P. Degiovanni, S. Olivares, M. Genovese, Phys. Rev. Lett. 110,
213601 (2013).
10. G. Brida, M. Genovese, A. Meda, I. Ruo Berchera, Phys. Rev. A 83, 033811 (2011).
11. C.D. Nabors and R.M. Shelby, Phys. Rev. A 42, 556 (1990).
12. P.R. Tapster, S.F. Seward and J.G. Rarity, Phys. Rev. A 44, 3266 (1991).
13. P.H. Souto Ribeiro, C. Schwob, A. Maitre and C. Fabre, Opt. Lett. 22, 1893 (1997).
14. M. Bondani, A. Allevi, G. Zambra, M. Paris and Andreoni, Phy. Rev. A 76, 013833
(2007).
15. T. Ishkakov, M. Chekhova, G. Leuchs, Phys. Rev. Lett. 102, 183602 (2009).
16. O. Jedrkievicz et al., Phys. Rev. Lett. 93, 243601 (2004).
17. G. Brida, V. Caricato, M. Fedorov, M. Genovese, M. Gramegna, S. Kulik, EPL 87,
64003 (2009).
18. F. Piacentini et al., Int. Journ. Quant. Inf. 12, 1461014 (2014).
19. M. Roncaglia, A. Montorsi, M. Genovese, Physical Review A 90 (2015) 062303
20. M. Bina and S. Olivares, Quantum Meas. Quantum Metrol. 2 (2014) 50
21. A. Avella, J. Adv. Phys. 4, (2015) 252.
22. G. Brida et al., Physical Review Letters 108 (25), 253601
23. L. Maccone, Phys. Rev. A 88, 042109 (2013).
24. T. Iskhakov et al., arXiv:1511.08460.
25. M. Lamperti et al., arXiv:1305.5350.
26. A. Valencia et al., Phys. Rev. Lett. Vol. 94, 063601 (2005)
27. M. Genovese, arXiv:1601.06066.
